Introduction
Potato leafroll virus (PLRV) causes a destructive disease of potato plants, and, like other luteoviruses, is transmitted by aphids in the persistent manner and is limited to the phloem tissue of its host (Harrison, 1984) . The virus particles are isometric, 24 nm in diameter and contain a single-stranded, positive-sense genomic RNA of 5.9 kb (Harrison, 1984; Martin et aL, 1990) .
When infecting cells, a virus may employ several strategies to ensure expression of all the open reading frames (ORFs) in its genome (Morch & Haenni, 1987) . Analysis of the nucleotide sequence of the genome of PLRV has identified six ORFs (Mayo et al., 1989; van der Wilk et al., 1989; Keese et al., 1990) which are thought to be expressed by a variety of strategies, including initiation at downstream AUG codons, shifting between reading frames during translation, suppression of termination codons and translation of subgenomic RNA containing downstream ORFs (Mayo et al., 1989; Bahner et al., 1990; Keese et al., 1990) .
A PLRV-specific subgenomic RNA has been detected by Northern blotting experiments with RNA from cells infected with PLRV (Mayo et al., 1984) . Previous size estimates have been in the region of 2-5 kb (Smith & Harris, 1990) , although Tacke et al. (1990) obtained a value of 2.3 kb by locating the 5'-terminal nucleotide 40 residues upstream of the coat protein initiation codon. However, our results using a Scottish isolate of PLRV suggest a larger molecular size and a 5' origin further upstream.
The published sequence for the Scottish PLRV isolate (Mayo et al., 1989 ) contains a 5'-terminal sequence different from those of other isolates . Recent work has shown this sequence to be that of a minor fraction in the PLRV (Scottish) RNA . For convenience, sequence coordinates used in this paper refer to those in the sequence of the Dutch isolate (van der Wilk et al., 1989) .
Methods
Purification of virus particles. Particles of PLRV, Scottish isolate 1 (Tamada et al., 1984) were purified from leaves and stems of the potato cultivar Marls Piper by the method of Harrison (1984) . Purified virus particles were stored at -20 °C in 0.02 M-phosphate buffer pH 7.5. In some experiments, potato or Physalis floridana plants infected with isolate 11 (Tamada et al., 1984) or isolate V (Massalski & Harrison, 1987) were used. PLRV, 1 p.g/ml PLO and 1 x 106 protoplasts. After inoculation, the protoplasts were incubated in continuous light (10000 lux) at 23 to 24 °C as described by Kubo et al. (1975) .
The proportion of protoplasts infected was determined by staining with fluorescent antibodies (Kubo et al., 1975) and was between 60 and 80% in the experiments described.
RNA extraction. Protoplasts were pelleted by centrifugation at 6000 r.p.m, for I min and the pellet was resuspended in I to 2 m110 mMTri~HC1 pH 7.6, 50 mM-NaCI, 5 mM-EDTA, 2~ SDS, essentially as described by Robinson (1982) . After 15 rain at 60 °C, the suspension was mixed with an equal volume of water-saturated phenol and m-cresol (9:1, v/v) containing 0.1 ~ 8-hydroxyquinoline, and centrifuged at 10000 r.p.m, for 10 min. The aqueous phase was extracted with the phenol mixture again and RNA was precipitated from this by adding 2.5 volumes of ethanol and 0.1 volumes of 3 M-sodium acetate, pH 6.0.
Gel electrophoresis of RNA. RNA (0'5 pg) from PLRV-infected or buffer-inoculated protoplasts was denatured with formamide, heated at 65 °C and separated by electrophoresis in a 1.2~ agarose gel containing formaldehyde, as described by Sambrook et al. (1989) .
RNA from particles of tobacco mosaic virus (6.4 kb; Goelet et al., 1982) and brome mosaic virus (BMV, 3.2 kb, 2.9 kb, 2.1 kb and 0.9 kb; Symons, 1985) was used as an Mr marker.
Northern blot analysis of RNA. PLRV-specific hybridization probes ( Fig. 1) were prepared by three methods.
(i) Excision of cDNA complementary to PLRV RNA from a recombinant plasmid. This DNA, probes A and B, corresponded to nucleotides 5586 to 5882 and 3395 to 3645, respectively (Fig. 1) .
(ii) cDNA was synthesized using Moloney murine leukemia virus reverse transcriptase (Pharmacia) primed on virus template RNA with an 18-mer oligonucleotide complementary to nucleotides 3589 to 3607. Part of the resulting cDNA was amplified by the polymerase chain reaction (Natsuaki et al., 1991) (1989) .
Probes A, B and C were labelled according to the method of Feinberg & Vogelstein (1984) . Probe D was labelled using a downstream primer as described by Barker et al. (1985) , excised by restriction digestion with EcoRI and recovered by elution from a 17~ acrylamide gel.
Prehybridization and hybridization were as described by Sambrook et al. (1989) ; blots were washed four times with 2xSSC (0.3 M-NaC1, 0.03 M-sodium citrate), 0'1~ SDS and four times with 1 x SSC, 0.1 ~ SDS at 65 °C.
Primer extension. The oligonucleotide primers 5' AACCACGACC-GTACTCAT 3' (complementary to nucleotides 3588 to 3605, primer 1 ; Fig. 1 ) and 5' TTGTTAACTCGTGTATGCTTGGC 3' (complementary to nucleotides 3409 to 3426 with five extra nucleotides added at the 5' end, primer 2; Fig. 1 ) were phosphorylated using polynucleotide kinase and 3,-32p-labelled ATP (370 MBq/ml; Amersham) as described by Sambrook et al. (1989) .
Samples contained 5 p.g RNA from PLRV-infected or bufferinoculated protoplasts, or 2 p.g RNA from purified virus particles. RNA was added to 8 p.l H20 containing 50 ng 5' 32p-labelled primer and heated at 90 °C for 2 min. Samples were mixed with 2 pl of 80 mMTris-HC1 pH 8.3, 0.27 M-KCI, 20 mM-DTT, 40 mM-MgC12 immediately, and placed at 50 °C for 20 rain and then at room temperature for 15 min. Reverse transcriptase buffer (86 pl; 20 mM-Tris-HCl pH 8-3, 67.5 mM-KC1, 10 mM-MgC12, 5 mM-DTT, 1 mM-dATP, 1 mM-dCTP, 1 mM-dGTP, 1 mM-TTP) and 4 pl (15 units) of avian myeloblastosis virus reverse transcriptase (Pharmacia) were added. The mixture was incubated for 90 min at 42 °C and extracted successively with equal volumes of phenol/chloroform (1:1) and chloroform/isoamyl alcohol (25:1). Nucleic acid was recovered by precipitation from 70~ ethanol for 30 min at -70 °C and centrifugation for 10 min at 10000 r.p.m. Dried nucleic acid was redissolved in 50 ~tl of 0.3 M-NaOH, incubated at 65 °C for 30 min, mixed with 60 I-tl of 1 ta-Tris-HC1 pH 7.5 and ethanol-precipitated at -2 0 °C overnight. Products of the primer extension were analysed by electropboresis at approximately 1.8 kV in an 8% acrylamide gel containing 7 M-urea. The products of sequencing Ml3mpl8 DNA by using the dideoxynucleotide chain-termination technique (Sanger et aL, 1977) were allowed to comigrate with the extension products to allow their size to be determined.
Results

Size of subgenomic RNA
Hybridization with probes A, B and C detected two RNA species in RNA from infected protoplasts (Fig. 2,  lanes 1, 3 and 5 ), but only one in RNA from purified virus particles (Fig. 2, lane 2) . The size of the RNA from virus particles is 6 kb and was therefore presumed to be the genomic RNA. The faster migrating species detected in infected protoplasts was thus the non-encapsidated subgenomic RNA reported by Mayo et al. (1984) . The size of the subgenomic RNA was estimated to be 2.7 kb by using each probe in Northern blot analysis. Similar Northern blot analysis of extracts of potato plants infected with PLRV isolates 1, 11 and V, and of P.floridana infected with isolate 11 also detected a 2.7 kb subgenomic RNA. Other faint bands were detected in a few analyses; these corresponded in position to rRNA.
Location of viral subgenomic RNA
Probe A detected both RNA species, so the subgenomic RNA must terminate within about 100 nucleotides of the 3' end; a 2-7 kb molecule terminating at this position would have a 5' end at about nucleotide 3200. However, when probe D was used in a Northern blot analysis, the subgenomic RNA was not detected (Fig. 2, lane 7) . Probe D finishes at nucleotide 3375 and the subgenomic RNA must begin close or 3' of this point.
When probe C was used, both genomic and subgenomic RNAs were detected (Fig. 2, lane 5 ). This suggested a more precise location for the 5' end of the subgenomic RNA. Probe C extends from position 3365 to 3538, so its 3' end is 51 bases upstream of the start of the coat protein gene [and 11 bases upstream of the position proposed by Tacke et al. (1990) for the 5' end of the subgenomic RNA]. These results suggest that the 5' end of the subgenomic RNA is between nucleotides 3370 and 3500.
Mapping of the 5' terminus of the subgenomic RNA by primer extension
The.first primer extension experiments were done using primer 1 (Fig. 1) nucleotides at the 5' terminus of the coat protein gene. Products primed on RNA from infected protoplasts produced several bands, but none was produced when RNA from healthy protoplasts was used (Fig. 3a) . Although virus particles do not contain subgenomic RNA, extension from primers annealed to RNA extracted from PLRV particles yielded several bands. These bands were also detected in analyses of samples primed on RNA from PLRV-infected protoplasts and are presumably products formed by synthesis stopping at positions of strong secondary structure. One prominent band of approximately 205 nucleotides was consistently present in extension products primed on RNA from infected protoplasts, but was not found in those primed on virus particle RNA.
This result suggested that the end of the subgenomic RNA was located more than 200 nucleotides upstream of the initiation codon of the coat protein gene. Primer extensions of such a length are known to result in stops (Sambrook et al., 1989) and therefore a second primer, complementary to the sequence 179 nucleotides upstream of the coat protein AUG (primer 2), was used. Extension from this primer yielded a product that comigrated with a dideoxynucleotide-terminated product of 56 nucleotides (Fig. 3b) . We conclude that the subgenomic RNA starts at nucleotide 3376 (nucleotide 3481 in the sequence of Mayo et al., 1989) . 
Discussion
The 5' terminus of the subgenomic R N A of the Scottish isolate of PLRV has been determined to be nucleotide 3376. The subgenomic R N A is thus 2505 nucleotides in length, which is slightly less than estimates obtained by gel electrophoresis Tacke et al., et al., 1989) , (c) a sequence from Australian PLRV . The numbers indicate the nucleotide position relative to the 5' end of the RNA. The arrow indicates the first nucleotide of the subgenomic RNA. The termination codon of the putative polymerase gene is indicated by a box. 1990). However, this estimate is 172 nucleotides longer than that obtained for the German isolate of PLRV by Tacke et al. (1990) (i.e. 2334 nucleotides with the 5' terminus at nucleotide 3548). This discrepancy may reflect differences between either the length or the sequence of the subgenomic R N A of the two isolates. However, the published sequences of the isolates (Mayo et aL, 1989; Tacke et al., 1989) differ at only five nucleotides in the intergenic region. Moreover, we could find no evidence of a stop 40 nucleotides upstream of the coat protein initiation codon.
The genomic R N A of PLRV contains a direct repeat of the sequence of the first eight (van der Wilk et al., 1989) or nine nucleotides in the sequence from nucleotides 3377 or 3376 respectively (Fig. 4) . The fact that the sequence of the 5' ends of the genomic and subgenomic R N A s correspond reinforces the suggestion that the deduced 5' end of the subgenomic R N A of PLRV is correct. Furthermore, there is a similar correspondence between the Y-terminal sequence of the genome and a sequence near the 3' end of the putative polymerase gene in the R N A of beet western yellows virus (BWYV; Veidt et al., 1988) . Recent results (V. Ziegler-Graf, personal communication) indicate that this region is where the subgenomic R N A of BWYV starts.
Identical sequences at the 5' termini of genomic and subgenomic R N A s have also been observed for several other plant viruses. For example, there is a match of 12 nucleotides in maize chlorotic mottle virus R N A (Lommel et al., 1991) , up to 10 in tobacco rattle virus R N A (TRV; Cornelissen et al., 1986) and up to 11 in alfalfa mosaic virus R N A (Symons, 1985) . As suggested by Cornelissen et al. (1986) for T R V R N A , this sequence similarity at the 5' ends may reflect a replicase recognition signal in the corresponding minus-strand RNA.
Consensus sequences postulated to form promoters for subgenomic RNAs of some plant viruses (although not luteoviruses) have been published (Marsh et al., 1988; Goulden et al., 1990) . It is proposed that a core sequence occurs immediately upstream of the subgenomic RNA initiation site of BMV, and that this comprises some 20 bases and has regions of homology with the intercistronic sequences of other plant viruses (French & Ahlquist, 1987 . Some of these features have been found in the intergenic non-coding region of PLRV RNA, in particular a U~A sequence followed by AAGA (Mayo et al., 1989) . However, because it now appears that the subgenomic RNA initiation site is upstream of the intercistronic region, these features are actually downstream of the initiation point. Interestingly, Marsh et al. (1988) have noted that at least part of the proposed subgenomic RNA promoter in BMV RNA 3 is downstream of the initiation site of the subgenomic species.
The Y-terminal sequence of the subgenomic (and genomic) RNA of PLRV is almost identical to that of BWYV and there are very similar sequences about 3473 nucleotides from the 5' ends of the genomic RNA of both viruses (Mayo et al., 1989) . However, there are few substantial similarities in sequences thought to be upstream of the 5' end of subgenomic RNAs of the two viruses. If the mechanism of generation of PLRV subgenomic RNA involves internal initiation on minus-strand templates as has been shown for BMV (Marsh et al., 1988) , then perhaps any upstream promoter sequences are specific to each virus whereas the factors recognizing downstream promoter sequences may be less specific. However, this is not so for BMV RNA (Marsh et al., 1988) in which the putative promoter sequences shared with other viruses are upstream rather than downstream of the start of the subgenomic RNA. SYMONS, R. H. (1985 
